Abstract Clinical studies have reported associations between serum uric acid levels and the development of diabetic nephropathy, but the underlying mechanisms remain elusive. There is evidence from animal studies that blocking uric acid production protects the kidney from tubulointerstitial injury, which may suggest a causal role for uric acid in the development of diabetic tubular injury. In turn, when fructose, which is endogenously produced in diabetes via the polyol pathway, is metabolised, uric acid is generated from a side-chain reaction driven by ATP depletion and purine nucleotide turnover. For this reason, uric acid derived from endogenous fructose could cause tubulointerstitial injury in diabetes. Accordingly, our research group recently demonstrated that blocking fructose metabolism in a diabetic mouse model mitigated the development of tubulointerstitial injury by lowering tubular uric acid production. In this review we discuss the relationship between uric acid and fructose as a novel mechanism for the development of diabetic tubular injury.
Introduction
Diabetic nephropathy is the leading cause of end-stage renal disease and dialysis in the Western world [1] [2] [3] [4] . New therapeutic strategies are urgently needed to improve the prognosis of this devastating complication of diabetes, which remains a significant public health burden. However, the development of new drugs to halt or prevent diabetic nephropathy and the translation of these therapies into clinical practice has been slow and disappointing. An economical approach to developing new drugs is to revisit old molecules.
Uric acid has both oxidant and antioxidant properties in the human body. While uric acid may also demonstrate antioxidant effects in the central nervous system [5] , uric acid are associated with development of vascular complications in diabetes, in particular, diabetic nephropathy [6] . In this regard, targeting uric acid is advantageous, as uric acid production can be easily manipulated by either blocking xanthine oxidase or promoting urine uric acid (UUA) excretion. Moreover, methods to measure serum uric acid (SUA) and UUA are readily available and inexpensive.
One diabetes-related factor that could closely associate with uric acid is fructose. Fructose is endogenously produced as a consequence of activation of the polyol pathway under diabetic conditions. It is also a major component of added sugars and is distinct from other sugars in its ability to generate uric acid as a side product of its metabolism [7] .
Our research group recently demonstrated that blocking fructose metabolism in a mouse model of diabetes mitigated the development of tubulointerstitial injury by lowering tubular uric acid production [8] . This discovery could provide new insights into the pathogenesis and therapeutic options for this intractable disease. Herein we review the literature and discuss future directions for research on the relationship between fructose, uric acid and diabetic nephropathy.
Clinical associations of uric acid and diabetic nephropathy
Several important clinical studies have demonstrated crosssectional and longitudinal associations between SUA and diabetic nephropathy in patients with type 1 and 2 diabetes (Tables 1, 2 and 3) .
Prospective data from The Second Joslin Study on the Natural History of Microalbuminuria in Type 1 Diabetes, a clinic-based study, identified a relationship between SUA levels at baseline and rapid decline in GFR (>3.3%/year) in adults with type 1 diabetes [9] (Table 2) . Interestingly, they also reported a dose-response relationship between baseline SUA levels and future risk of early GFR loss. The unadjusted relative risk of developing increased GFR loss was 1.5 for each mg/dl (60 μmol/l) increase in SUA, which translated into a 2.4-fold increase in the risk of early GFR loss for SUA levels above the median (267.7 μmol/l) as compared with SUA levels below this value.
The Coronary Artery Calcification in Type 1 Diabetes (CACTI) study also demonstrated strong relationships between SUA, incident albuminuria, rapid GFR decline, as well as the progression of subclinical atherosclerosis and diabetic retinopathy [10, 11] (Table 2) . Similarly, a study based at the Steno Diabetes Center reported an association between SUA and the development of persistent macroalbuminuria. In an inception cohort study of 263 individuals with newly diagnosed type 1 diabetes, SUA measured shortly after the onset of type 1 diabetes was a significant independent predictor of macroalbuminuria 18 years later (HR 2.37, 95% CI 1.04-5.37, p=0.04, for every 101.1 μmol/l increase in SUA) [12] ( Table 2) .
The role of SUA as a predisposing factor for diabetic nephropathy does not appear to be limited to type 1 diabetes. In an Italian cohort of type 2 diabetic patients with normal kidney function and without overt proteinuria, the risk of chronic kidney disease (CKD) during a 5 year follow-up was significantly higher in participants with hyperuricaemia compared with those without [13] (Table 2) . In a study with adults with type 2 diabetes and chronic kidney disease, SUA was found to predict progression of established nephropathy [14] (Table 2) . Furthermore, a post hoc analysis of the Reduction of Endpoints in Non-Insulin Dependent Diabetes Mellitus with the Angiotensin II Antagonist Losartan (RENAAL) Trial found that lowering SUA levels with losartan treatment (which reduces SUA levels by facilitating urinary uric acid excretion) accounted for 20% of the renoprotective benefit of this medication [15] (Table 3) . A study on the effect of allopurinol on type 2 diabetic patients with macroalbuminuria reported that lowering SUA levels significantly reduced urinary proteinuria [16] (Table 3) . In a recent randomised [87] parallel-controlled study, allopurinol was also shown to improve renal function in patients with type 2 diabetes [17] ( Table 3 ). While the majority of studies have found positive associations between SUA and incident CKD and several have demonstrated relationships between SUA and CKD progression [18, 19] , not all findings have been positive [20, 21] . Furthermore, the identification of SUA as a risk factor for the development of both early and late phenotypes of diabetic nephropathy does not necessarily imply causation; however, increasing evidence implicates SUA in the pathogenesis of nephropathy and the deterioration of kidney function observed in type 1 and 2 diabetes.
Females have lower SUA levels than males, irrespective of diabetes status, and the difference between sexes is thought to stem from the uricosuric effect of oestrogen on the urate transporter URAT1 [22, 23] . Interestingly, studies have demonstrated that women carry a greater risk for CKD than men for the same uric acid level [24] .
The Preventing Early Renal Function Loss in Diabetes (PERL) allopurinol study is an ongoing multi-centre doubleblind randomised clinical trial with allopurinol to lower SUA in individuals with type 1 diabetes in an attempt to prevent early diabetic nephropathy [6] . If PERL produces promising results, similar studies could be conducted with other microvascular and macrovascular complications as endpoints. The recent discovery that fructose-mediated generation of uric acid may contribute to vascular complications provides an additional opportunity for important diet and lifestyle modifications [7] .
Diabetic tubulopathy
Diabetic nephropathy is characterised not only by glomerular disease but also by tubulointerstitial injury. The tubular changes associated with diabetic nephropathy include basement membrane thickening, tubular hypertrophy, epithelial-mesenchymal transition, glycogen accumulation and interstitial inflammation. Although glomerular changes have received significantly more attention than tubulointerstitial changes in diabetes from researchers and clinicians, the tubular injury is more closely associated with renal function than glomerular injury [25] . In fact, tubular proteinuria may precede microalbuminuria in children with type 1 diabetes [26] , suggesting that tubular damage may be induced earlier than glomerular injury in the course of diabetic nephropathy.
In a rat model of diabetes, there is a 67% increase in the weight of the kidney within 50 days after induction of diabetes, and such changes are thought to be attributable to tubular hypertrophy [27] . In the hypertrophic response, tubular cells likely undergo both proliferation and cellular hypertrophy under diabetic conditions, resulting in an elongation of tubular length, an increase in cellular volume and tubular dilation in both proximal and distal tubular cells [28] . Such changes are likely to be evident in the cortex and the outer stripe of the outer medulla, but not in collecting ducts [27] . The tubular dilation can be induced by other mechanisms, including tubular cell apoptosis and tubular epithelial mesenchymal transition [29] .
Uric acid targets tubular epithelial cells in the mouse model of diabetes
Exactly how uric acid contributes to the development of diabetic nephropathy remains elusive. However, a series of murine studies has shed light on some possible underlying mechanisms. In the first study, the db/db mouse model was used to examine the effects of lowering SUA levels in the kidney [30] . This mouse model is known to develop renal injury accompanied with albuminuria, mesangial matrix expansion and mild tubulointerstitial disease. Of importance, this model also exhibits mild hyperuricaemia. We found that lowering SUA levels with allopurinol significantly reduced albuminuria and ameliorated the tubulointerstitial injury [30] . In the same study, we also demonstrated that uric acid directly stimulates cultured human proximal tubular epithelial cells to induce the expression of intercellular adhesion molecule 1 (ICAM-1), an important inflammatory cytokine [30] . Similarly, the KK-A y /Ta mouse, another mouse model of type 2 diabetes, was found to develop diabetic tubular injury that was attenuated by allopurinol [31] . This attenuation is likely to be attributable to the ability of allopurinol to inhibit the fibrogenic effect by activation of the TGF-β-Smad pathway [31] . Rats with streptozotocin-induced diabetes were found to [17] exhibit hyperuricaemia, which likely activated the NLR protein 3 (NLRP3) inflammasome, and allopurinol administration was able to block this activation [32] . Taken together, these findings suggest that uric acid might directly act on the proximal tubular epithelial cells to cause inflammation in diabetic nephropathy. Consistent with this notion, Verzola et al recently demonstrated that uric acid increases the permissiveness of human proximal tubular cells to apoptosis by triggering a pathway involving NADPH oxidase signalling and URAT1 transport [33] .
Renal handling of uric acid in patients with diabetes
Renal uric acid handling in humans may be altered in people with diabetes and may also be different according to diabetes type. This notion could account for the fact that SUA concentrations are often lower in patients with type 1 diabetes compared with their non-diabetic peers [10, 11] , although among people with type 1 diabetes, the risk for renal disease increases with SUA levels [11] . Golembiewska et al demonstrated that poor glycaemic control was associated with hypouricaemia as a result of an increase in the fractional excretion of uric acid (FeUA) in patients with type 1 diabetes [34] . Although the precise mechanisms involved remain unknown, it is likely that the glycosuria-driven osmotic gradient across the apical membrane may prevent reabsorption of UUA. Since the threshold for glucose reabsorption at the proximal tubules is approximately 10 mmol/l, glycaemia exceeding this threshold results in glycosuria and increased osmolarity [35] . An alternative mechanism, based on the finding that glucose is three times more potent than mannitol in facilitating UUA excretion [36] , is that glucose exerts an effect in addition to osmotic stress on the excretion of uric acid into urine. In contrast, type 2 diabetes and the metabolic syndrome are often associated with higher SUA concentrations [37, 38] , although some studies have reported the presence of hypouricaemia in type 2 diabetes [39, 40] . The increase might be accounted for by the presence of insulin resistance and hyperinsulinaemia. Several studies have documented that insulin sensitivity could be maintained in renal tubules even in the systemic insulin-resistant state [38, 41] . If this is the case, a higher concentration in serum insulin could stimulate the renal tubular cells to reabsorb sodium coupling with uric acid. Interestingly, adolescents and adults with type 1 diabetes are also recognised as being significantly more insulin resistant than their nondiabetic counterparts, but in contrast to type 2 diabetes, the associations between SUA and insulin sensitivity in type 1 diabetes are weak [11] . The precise mechanisms as to how either glucose or insulin affect the transport of urate in the proximal tubular cells remain unclear.
Urinary glucose reabsorption and uric acid in patients with diabetes
Under physiological conditions in humans serum glucose is filtered at the glomerulus and reabsorbed in the proximal tubular cells. A major mediator for glucose reabsorption is thought to be the sodium-glucose co-transporter 2 (SGLT2). This transporter is expressed in the apical membrane of the proximal convoluted tubular cells, accounts for 90% of glucose reabsorption and is dependent on sodium to co-transport glucose and sodium [42] . In type 1 and 2 diabetes, the activated sodium-potassium ATPase in the basolateral membrane creates the inward sodium gradient across the apical membrane, which facilitates SGLT2 transport activity [42] . Hyperglycaemia enhances SGLT2 expression, resulting in increased tubular reabsorption of urinary glucose [43] . In turn, the accumulation of intracellular glucose activates the polyol pathway.
SGLT2 inhibitors reduce proximal tubular sodium reabsorption, thereby increasing distal sodium delivery to the macula densa, causing afferent vasoconstriction and decreased hyperfiltration via tubuloglomerular feedback [44] . Treatment with SGLT2 inhibitors for 8 weeks was reported to attenuate renal hyperfiltration (≥135 ml min SUA concentration relies on both the exogenous pool of uric acid, which depends on dietary intake and the endogenous reservoir, which is mainly regulated by hepatic synthesis, intestinal secretion and renal secretion. Approximately 100% of SUA is excreted into urine, but is almost immediately reabsorbed, followed by the secretion of about half of the original filtered load, and a post-secretory reabsorption at the proximal convoluted tubule. Consequently, 90% filtered SUA is reabsorbed, and approximately 10% of the originally filtered SUA is excreted. UA reabsorption occurs via several urate transporters on the apical membrane; mainly URAT1, the more recently discovered GLUT9b and the organic anion transporters OAT4 and OAT10. Human GLUT9 has two splice variants with different expression patterns; GLUT9a is located on basolateral membrane whereas GLUT9b is expressed in the apical membrane of the polarised cells [48] .
A recent study has shown that glucose is capable of transstimulating GLUT9b for the efflux of uric acid in Xenopus oocytes [49] . Given that urinary glucose is elevated in diabetes and is further increased by SGLT2 inhibitors, GLUT9b could be stimulated by high concentrations of glucose in the apical membrane, leading to uricosuria. However, this is unlikely since this isoform has been localised to the collecting duct rather than the proximal tubules [50] . It thus remains unclear how GLUT9b in the collecting duct is involved in diabetes. As both uric acid transporter and SGLTs are found in the proximal tubular cells, interaction between these transporters by an unknown mechanism is also highly plausible and might result in blocking uric acid reabsorption (Fig. 1) .
Endogenous fructose is produced in diabetes Animals
In diabetes, glucose is reduced to sorbitol in the polyol pathway by aldose reductase, and then sorbitol is oxidised by sorbitol dehydrogenase to produce fructose. In the kidney, aldose reductase is predominantly expressed in the inner stripe of the outer medulla, inner medulla and papillary tip and is also expressed in the proximal tubular cells and podocytes [51] . Aldose reductase activity has also been observed in the renal cortex and outer medulla of non-diabetic rats [52] . In diabetes, the enzyme can be upregulated by hyperglycaemia-induced hyperosmolarity, as well as by glucose per se [7, 53] . Ghahary et al demonstrated an elevation in both aldose reductase expression and activity in the kidney of streptozotocin-induced diabetic rat [54] and the diabetesprone BioBreeding/Worcester (BB/Wor) rat [55] . Interestingly, a transgenic mouse line carrying human aldose reductase 2 (ALR2) cDNA was shown to develop thrombosis in renal vessels and deposits in Bowman's capsule, which partially resemble the histological changes associated with human diabetic nephropathy [56] .
Activation of the polyol pathway in diabetic rats increases fructose levels in several organs, including the retina, endoneurium and lens, compared with those in non-diabetic rats [57] . We recently demonstrated an elevation in fructose content in the kidney of the streptozotocin-induced diabetic mouse [8] . Importantly, blockade of fructose production through inhibition of sorbitol dehydrogenase has been shown to ameliorate vascular and neuronal dysfunction in diabetic animals [57] , suggesting that fructose accumulation could be involved in the development of diabetic complications.
Humans Diabetic patients exhibit higher fructose levels than non-diabetic individuals in serum and urine [58] . Interestingly, the degree of fructose accumulation in the proximal tubular cells is likely to vary between individuals. In one study, fructose levels were increased in 75% of human proximal tubular epithelial cells isolated from 21 non-diabetic individuals following exposure to 27.5 mmol/l glucose in vitro, but were not increased in the remaining 25% [59] . This variation in fructose variation may explain why some patients with diabetes develop diabetic nephropathy, whereas others do not. Furthermore, inhibition of aldose reductase has been tested in diabetic murine models. For example, a pyridazinone recently discovered to be an aldose reductase inhibitor was shown to improve survival and inhibit cataract development and normalise retinal sorbitol and fructose in rat model of diabetes [60] , but clinical trials in humans with aldose reductase inhibitors have been less conclusive. The Aldose Reductase Inhibitor-Diabetes Complications Trial Study Group [61] reported the prevention of progression of diabetic nephropathy with epalrestat, but other studies have failed to show a delay in diabetic nephropathy [62, 63] .
Fructose and uric acid
Intracellular fructose produced as a result of activation of the polyol pathway can be further metabolised, generating uric acid as a side product by a sequence of multiple enzymatic activations (Fig. 2) . Fructokinase (also known as ketohexokinase), an enzyme predominantly expressed in the liver, phosphorylates fructose to produce fructose 1-phosphate. ATP is the phosphate donor in this reaction and is converted into ADP. While the reaction with fructokinase is rapid, it is not associated with negative feedback, which leads to a reduction in intracellular phosphate and ATP when fructose levels are high. A reduction in intracellular phosphate subsequently stimulates AMP deaminase 2, which in turn stimulates uric acid production (Fig. 2) [53, 64] . Uric acid production is increased not only through degradation of adenine nucleotides but also by increased de novo purine biosynthesis [65, 66] . Emerging data support the notion that fructose metabolism elevates SUA levels in animals and humans [67, 68] .
Animals In the kidney, urinary glucose is absorbed by the SGLTs into the proximal tubular epithelial cells, where fructokinase is predominantly expressed [69] . It is conceivable that reabsorbed glucose in the proximal tubules activates the polyol pathway to produce endogenous fructose, which is then further metabolised by fructokinase [8, 53] . Furthermore, the activity of xanthine oxidase, which is required for uric acid production, is highest in the proximal tubular cells [70] . These findings indicate that it is likely that uric acid is produced in the proximal tubular cells (Fig. 3) . The proximal tubular epithelial cells, particularly those in the S3 segment, have another way of increasing their fructose levels, through the fructose transporter GLUT5, which is expressed in their apical membrane [69] . It is therefore likely that there are at least two mechanisms involved in the accumulation of fructose in the proximal tubular cells in diabetes (Fig. 3) .
Humans A dose of fructose of 1 g/kg body weight has been reported to rapidly increase SUA levels in humans by 59-118 μmol/l in 2 h [71] . Similarly, in a clinical study, consumption of fructose-containing beverages representing 25% of energy requirements for 10 weeks significantly raised SUA concentrations compared with the isoenergetic consumption of glucose-containing beverages [72] . In the National Health and Nutrition Examination Survey (NHANES), the consumption of sugar-sweetened soft drinks was positively associated with SUA concentrations in adults, suggesting that the fructose in soft drinks could increase uric acid levels [73] .
Fructose causes tubular injury in animal models
A recent murine study examining the renal effects of dietary fructose provided evidence that fructose induces mild tubulointerstitial injury in normal rats [69] (Fig. 4) . More specifically, some proximal tubular epithelial cells were shown to express vimentin and/or exhibit a cellular proliferative response [69] . An increase in type III collagen deposition was also detected around the impaired tubular cells [69] . A similar study on mice also reported that dietary fructose could initiate the development of tubulointerstitial injury [74] .
To investigate how fructose is implicated in the progression of renal disease we examined the effects of dietary fructose in the rat remnant kidney model of chronic kidney disease [75] . Dietary fructose dramatically accelerated the progression of renal injury, including glomerular and tubulointerstitial disease [75] . Given that fructose is freely filtered by the glomerulus, and urinary fructose is absorbed in the proximal tubular epithelial cells where the fructose transporter GLUT5 is expressed, in theory, the tubular cells could be directly Purine nucleoside phosphorylase Fig. 2 From polyol pathway to uric acid production. F1P, fructose-1-phosphate; Fr, fructose; Glu, glucose; IMP, inosine monophosphate; Sor, sorbitol stimulated by fructose (Fig. 3) . Consistent with this notion, monocyte chemoattractant protein 1 (MCP-1) expression and proliferative responses were found to be induced in cultured human proximal tubular epithelial cells in response to fructose [75] . Importantly, these responses were significantly decreased by a xanthine oxidase inhibitor, suggesting that fructose-induced MCP-1 expression can be partly mediated by uric acid [76] . Another mechanism of fructose-induced renal disease may involve endothelial dysfunction [77] . In fructose-fed rats, the glomerular and peritubular capillary endothelial cells exhibit ICAM-1 induction accompanied by an increase in serum ICAM-1 concentration [77] . Fructose-induced ICAM-1 expression was also confirmed in the cultured endothelial cells, suggesting that fructose directly acts on endothelial cells. A likely mechanism for endothelial dysfunction involves a reduction in the availability of NO [77] . The active form of the enzyme endothelial nitric oxide synthase (eNOS) is a dimer. Fructose prevents the dimerisation of eNOS monomers, resulting in inhibition of NO production and an increase in ROS [78] . Consistent with this notion, fructose-induced ICAM-1 expression was mitigated in the presence of an NO donor [77] . Moreover, uric acid has been shown to block insulin stimulation of NO in endothelial cells [79] Blocking fructose metabolism mitigates the progression of diabetic tubular injury in animal models
Our animal study demonstrated that uric acid could be a mediator of the development of diabetic tubular injury [30] . As discussed above, we hypothesised that endogenous fructose, a metabolite of the polyol pathway, is a source of uric acid in diabetic tubular epithelial cells. We confirmed that the diabetic kidney has a higher concentration of uric acid than the nondiabetic kidney. Importantly, elevated intrarenal fructose content is also accompanied by an increase in fructokinase activity in diabetic kidney disease [8] . In streptozotocininduced diabetic mice lacking the fructokinase gene, intrarenal uric acid levels and urinary albumin excretion were reduced compared with those in the wild-type streptozotocininduced diabetic mice, and tubular injury was ameliorated [8] . Interestingly, glomerular injury, as evidenced by mesangial expansion and an increase in type IV collagen deposition, was also significantly mitigated in diabetic fructokinasedeficient mice, although the precise mechanism involved remains unclear. These data suggest that fructose and uric acid could be risk factors for diabetic tubular injury
From bench to bed
Data from animal studies indicate that uric acid may induce tubular injury in diabetic nephropathy, and that endogenous fructose, a metabolite of the polyol pathway in diabetic tubular epithelial cells, is a potential source of uric acid. These findings suggest that the fructose-uric acid axis may partially account for some of the clinical phenotypes of diabetic nephropathy in humans, including GFR decline and tubular albuminuria. Uric acid reduction could be a promising therapeutic option for diabetic nephropathy, and important clinical trials are underway.
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